Temperature and magnetic field dependencies of the magnetization of single crystal Gd 5 Ge 4 indicate antiferromagnetic coupling along the c direction below 130 K. Both a reversible spin-flop transition when a magnetic field of ∼8.4kOe is applied along the cdirection, and irreversible metamagneticlike transitions when a 20 kOe or greater magnetic field is applied at 4.3 K along any of the three crystallographic axes are observed. Although Gd3+ ions have negligible single ion anisotropy, the metamagnetic transitions and magnetization of Gd 5 Ge 4 in the ferromagnetic state depend on the crystallographic direction reflecting the anisotropy of the exchange interactions due to the distinctly layered Sm 5 Ge 4 -type crystal structure.
INTRODUCTION
Layered systems have been a subject of particular interest in magnetism during the last two decades. One of the examples embodies artificial magnetic multilayer systems where magnetic layers are separated by nonmagnetic spacers. Nontrivial interlayer coupling due to magnetoelastic interactions resulted in discoveries of novel phenomena including giant magnetoresistance and quantum tunneling between ferromagnetic layers. 1 A rich variety of interesting magnetic phenomena, i.e., magnetic field induced antiferromagnetic ͑AFM͒ to ferromagnetic ͑FM͒ transformations, so-called metamagnetic transitions, have also been observed in bulk materials with naturally layered crystal structures where layers containing magnetic ions also are separated by nonmagnetic layers. 2, 3 Experimental data on metamagnetic transitions have been reported for various 3d-͓e.g., FeX 2 , CoX 2 , XϭCl, Br ͑Ref. 4͔͒, 4 f -͓e.g., R 7 Rh 3 , RϭTb, Dy, Ho ͑Ref. 5͔͒, and 5 f -͓e.g., U 2 Pd 2 In ͑Ref. 6͔͒ compounds. Layered antiferromagnetic compounds based on lanthanides with both a large ͑the majority of the lanthanides͒ and negligible (Gd 3ϩ and Eu 2ϩ ) anisotropy of 4 f -electron wave functions of the corresponding ions can serve as model systems to obtain a better fundamental understanding of transformations in magnetic systems.
The Gd-based antiferromagnets usually have insignificant anisotropy (GdCo 2 Si 2 single crystal 7 ͒, but in some materials anisotropic exchange interactions between the isotropic single-ions may exist ͓GdRu 2 Si 2 , 8 Gd 2 PdSi 3 , 9 and Gd 2 CuO 4 ͑Ref. 10͒ single crystals͔. Among the intriguing lanthanide-based layered AFM materials, which have been studied recently, is the binary Gd 5 Ge 4 compound with the orthorhombic Sm 5 Ge 4 -type crystal structure at room temperature where 5 nearly planar atomic layers form ϳ0.7-nm-thick slabs. 11 Earlier we reported that magnetism in our Gd 5 Ge 4 polycrystalline sample 12, 13 is quite different when compared with that observed by Holtzberg et al. for Gd 5 Ge 4 in 1967.
14 These authors reported that Gd 5 Ge 4 is an antiferromagnet with a Néel temperature, T N ϭϳ15 K, while we suggested that Gd 5 Ge 4 becomes antiferromagnetic below T N ϭϳ130 K. In both cases, 12,14 a large positive paramagnetic Curie temperature of 94 K was observed, which is unusual for an antiferromagnet. We also noted that the application of a magnetic field induces an irreversible AFM→FM transition below ϳ10 K, and a reversible transition above ϳ20 K, indicating that the magnetic diagram of Gd 5 Ge 4 is extremely complex, see Fig. 4 , Ref. 13 . The main reason for the different magnetic behavior of Gd 5 Ge 4 is believed to be the purity of the Gd used to prepare the alloys employed in the two studies. Holtzberg et al.
14 used commercial 99.9 wt. % Gd metal, however, the chemical analyses given by rare earth suppliers generally refers to the purity with respect to other rare earth metals only. It is known that commercial grade rare earth metals are 95 to 98 at. % pure with the major impurities being H, O, C, and N. 15 The Gd metal used by us is 99.9 at. % with respect to all elements, including the interstitial impurities. 12, 13 It has been shown that these interstitial impurities can have a pronounced effect on the physical properties of the rare earth-based materials ͑see Ref. 15 and references therein͒.
To date, the nature of the AFM structure in Gd 5 Ge 4 is unknown, e.g., what is the direction of the AFM coupling, and what is the dependence of the magnetization along the three crystallographic directions on the magnetic field. Thus we grew a Gd 5 Ge 4 single crystal and studied the dc magnetization and magnetic susceptibility along the three crystallographic directions from 4.3 to 300 K in dc magnetic fields varying from 0 to 50 kOe. Below we report on the magnetic behavior of the Gd 5 Ge 4 single crystal.
EXPERIMENTAL DETAILS
The Gd 5 Ge 4 single crystal was prepared from high purity components: 99.9 at. % pure Gd ͑prepared by the Materials Preparation Center at the Ames Laboratory͒ and 99.99 at. % pure Ge ͑purchased from CERAC, Inc.͒. The appropriate quantities of Gd and Ge were cleaned and arc melted several times under an argon environment. The buttons were then re-melted to ensure compositional homogeneity throughout the ingot and the alloy drop cast into a copper mold. The as-cast ingot was sealed inside a tungsten Bridgman crucible by electron beam welding. The ingot was heated in a tungsten mesh resistance furnace under a pressure of 2.0 ϫ10 Ϫ4 Pa up to 1200°C and held at this temperature for 1 h. The ingot was then heated to 1925°C and held in the liquid state for 1 h to allow for thorough mixing before withdrawing the sample from the heat zone at a rate of 4 mm/h. The as-grown crystal was oriented by back-reflection Laue technique and the samples were extracted by spark cutting. The surfaces of the samples were polished using standard metallographic techniques to provide smooth, flat surfaces. Although the crystal was oriented by back-reflection Laue technique to ensure that twofold axes were perpendicular to the faces of cut samples, the directions of the a, b, and c crystallographic axes were assigned on the basis of x-ray diffractometer -scans of the single crystals. Magnetic measurements were carried out as was described for polycrystalline samples in Ref. 16 but with the magnetic field applied parallel to three principal crystallographic directions of the Gd 5 Ge 4 single crystal. The accuracy of aligning the magnetic field vector with individual crystallographic directions was ϳ5°. Figure 1 shows temperature dependencies of the dc magnetic susceptibilities ϭM /H of zero magnetic field cooled ͑zfc͒ Gd 5 Ge 4 single crystal measured on heating in the 8 kOe magnetic field when the magnetic field vector ͑H͒ is parallel to the a, b, and c crystallographic axes, i.e. a , b , and c , respectively. Temperature dependencies of a , b , and c of Gd 5 Ge 4 above 130 K practically coincide and reflect the Curie-Weiss behavior with the paramagnetic Curie temperature p ϭϳ94 K and effective magnetic moment p eff ϭ7.80 B /Gd atom ͑determined from the Curie-Weiss fit of the data above 185 K, see the inset of Fig. 1͒ . Note that p and p eff are similar to these observed for the Gd 5 Ge 4 polycrystalline sample.
EXPERIMENTAL RESULTS
12 At 4.3 K, a Х b and both decrease with increasing temperature up to 300 K showing small features at ϳ20 and ϳ130 K. In contrast, c is close to zero at 4.3 K and it increases with increasing temperature showing a distinct peak at ϳ130 K, after which c decreases with increasing temperature. The behavior of c is similar to that observed for antiferromagnets when a magnetic field is collinear with the antiferromagnetically coupled magnetic moments, and a peak is observed at T N .
Therefore, the single crystalline results, first, support our earlier conclusion that zero magnetic field cooled Gd 5 Ge 4 is an antiferromagnet below T N ϭϳ130 K and, second, suggest that the magnetic moments of Gd ions in a magnetic field of less than ϳ8 kOe are antiferromagnetically coupled along the c direction. Although c of Gd 5 Ge 4 agrees well with the typical behavior of ʈ of an antiferromagnet, the temperature dependence of both a and b are quite different from Ќ of a conventional AFM material. Usually Ќ becomes temperature independent below the Néel temperature ͑see for example Ref. 17͒, while as seen in Fig. 1 , both a and b increase with decreasing temperature.
The magnetization of the zfc Gd 5 Ge 4 single crystal measured at 4.3 K when the magnetic field vector is parallel to a, b, or c crystallographic axes is shown in Fig. 2 . The magnetic field was cycled twice between 0 and 50 kOe ͓data for the second field increases are not shown in Fig. 2͑a͔͒ . During the first magnetic field increase, the magnetization for both the H ʈ a and H ʈ b practically coincide below 20 kOe, increasing nearly linearly with the magnetic field. Then the magnetization exhibits discontinuities at various critical magnetic fields depending on the direction of the applied field, showing a transition from the AFM state into the FM state similar to that observed for the Gd 5 Ge 4 polycrystalline sample. The sharp transformation of Gd 5 Ge 4 from the AFM into the FM state induced by a magnetic field ͓Fig. 2͑a͔͒ is typical for the metamagnetic transitions. The critical magnetic fields are ϳ28, 20, and ϳ26 kOe for the a, b, and c axes, respectively. Upon a further magnetic field increase, the magnetization remains nearly saturated. The saturated magnetic moment extrapolated to the zero magnetic field is 7.32 B /Gd atom, which is similar to that reported earlier for the Gd 5 Ge 4 polycrystalline sample. 12 The AFM→FM transformation at 4.3 K for H ʈ c is observed at ϳ26 kOe and the saturated magnetization in the FM state is similar to that observed for both H ʈ a and H ʈ b ͓Fig. 2͑a͔͒. However, in small magnetic fields the behavior of the magnetization for the c axis is quite different than those for the a and b axes ͓see Fig. 2͑b͔͒. Figure 2͑b͒ shows the magnetization of Gd 5 Ge 4 at 4.3 K measured for all three directions when the magnetic field is changed from 0 to 15.2 kOe and then reduced to zero. It is noted that the initial magnetization slope, dM /dH, when H ʈ c is considerably smaller when compared with the slopes of H ʈ a and H ʈ b, which clearly indicates antiferromagnetic coupling along the c axis. Furthermore, the magnetization of Gd 5 Ge 4 for the c axis exhibits a discontinuity at ϳ8.4 kOe but above ϳ8.8 kOe it nearly coincides with the magnetization observed for both the a and b axes. Combined with temperature dependencies of the magnetization ͑Fig. 1͒, this behavior indicates that the AFM coupled magnetic moments of Gd change direction from parallel and antiparallel to perpendicular relative to the magnetic field vector, i.e., Gd 5 Ge 4 undergoes a fast 90°-spin rotation, as in a spin-flop transition, induced by a magnetic field.
The spin-flop transition observed in Gd 5 Ge 4 when the magnetic field is applied parallel to the c direction suggests that above ϳ8.4 kOe the AFM coupling changed from the parallel to perpendicular to the c direction. It is noted that the 90°rotation induced by a magnetic field applied collinearly with the antiferromagnetically coupled magnetic moments has been observed in materials with layered crystal structures, see for example the review by De Jongh and Miedema. 18 Considering the layered crystal structure of Gd 5 Ge 4 , in which the slabs are infinite along a and along c but are limited along b, it is possible that the AFM coupling becomes parallel to the a axis after the rotating of the magnetic moments located in each slab. When a magnetic field is reduced from 15.2 kOe to zero, the demagnetizing curve follows the magnetizing curve showing that the spin-flop transition is fully reversible and non-hysteretic. Thus, both the reversible spin-flop transition at ϳ8.4 kOe and irreversible ͑see the next paragraph͒ metamagneticlike transition at ϳ26 kOe are observed when a magnetic field is applied parallel to the c direction. We should note that a rotation of the antiferromagnetically coupled spins induced by magnetic field is a feature of anisotropic Ising-type magnets and is unexpected for a magnetic system containing only one type of isotropic magnetic ions, i.e., Gd 3ϩ . During the second increase of the magnetic field from 0 to 50 kOe, the magnetization of Gd 5 Ge 4 practically follows the first demagnetization curve for all directions showing that almost 100% of the sample remains in the FM state. Therefore, in single crystal Gd 5 Ge 4 the irreversible metamagneticlike phase transition at 4.3 K is induced by a magnetic field applied along any of the three crystallographic directions. A similar transition is observed in polycrystalline Gd 5 Ge 4 , 12 where the critical magnetic field is close to that observed when the magnetic field was applied along the b direction in the single crystal sample. Figure 3͑a͒ illustrates the temperature dependencies of the dc magnetization of the Gd 5 Ge 4 single crystal when H ʈ c measured on heating in various dc magnetic fields from 12 to 30 kOe. Below 30 kOe, the magnetization of Gd 5 Ge 4 at 4.3 K is small reflecting the AFM state. However, when the temperature is increased by only a few degrees Kelvin, the magnetization sharply increases, reflecting the AFM→FM transition. A further increase of the temperature induces the reverse FM→AFM transition and, therefore, the ferromagnetic state exists over a narrow temperature range of about 20 K. In a field of 30 kOe at 4.3 K the sample already is in the FM state, and thus upon heating only the FM→AFM transition is observed at ϳ40 K ͓Fig. 3͑a͔͒. The inset in Fig.  3͑a͒ shows the magnetization of Gd 5 Ge 4 in the 16 kOe magnetic field during heating ͑after the sample had been zfc down to 4.2 K͒ and cooling. The magnetization on cooling increases when the temperature decreases and then saturates indicating that the phase transformation in the Gd 5 Ge 4 single crystal depends upon the direction of the temperature change, which is similar to that observed for the polycrystalline sample. →FM transition (T AFM→FM ) and the magnetization in the FM state depend on the direction of the applied magnetic field. T AFM→FM changes from ϳ6 to ϳ12 K while the magnetization changes from ϳ180, to ϳ120, and ϳ110 emu/g for H ʈ b, H ʈ c, and H ʈ a, respectively. The temperature of the ending of the FM→AFM transition (T FM→AFM ) is approximately the same for all directions (ϳ28 K). These data indicate that the magnetic moments of Gd in Gd 5 Ge 4 in the FM state are oriented along the b axis. Also note that the magnetization of Gd 5 Ge 4 in the ferromagnetic state has both a different slope and a different saturation magnetic field for all three directions ͓see Fig. 2͑a͔͒ . Although the Gd 3ϩ ions have spherical 4 f -electrons functions, Gd 5 Ge 4 has a nonzero magnetocrystalline anisotropy. The b direction is the easy magnetization direction and the anisotropic exchange interaction may be responsible for the observed phenomena similar to that reported earlier for GdRu 2 Si 2 ͑Ref. 8͒ and for Gd 2 PdSi 3 ͑Ref. 9͒ single crystals. Considering the difference between the low magnetic field and the high magnetic field crystal structures of Gd 5 Ge 4 , 19 both the RKKY and superexchange interactions should be quite different in the AFM ͑initial͒ and FM ͑transformed͒ magnetic phases, thus partially explaining the complexity of the observed temperature and magnetic field induced magnetic phase transitions in this system.
Within a general concept of antiferromagnetism, two different models were independently proposed ͑see, for example, Ref. 3͒. The first, by Néel for the Cr and Mn metals where the two interpenetrating sublattices have the opposite magnetization; and, the second, by Landau for layered antiferromagnetic materials where the magnetic moments in ferromagnetically ordered layers alternate from layer to layer. Taking into account the layered crystal structure of Gd 5 Ge 4 , we suggest two possible models for the antiferromagnetic interaction of the magnetic moments of Gd ions, which in both cases are collinear with the c direction. In the first model, the AFM coupling occurs within each slab creating, therefore, a two-dimensional antiferromagnetic system ͑Néel model͒. In the second model, the AFM coupling occurs between neighboring ferromagnetically ordered slabs creating, therefore, a two-dimensional ferromagnetic system ͑Landau model͒.
Several experimental observations support the existence of two-dimensional ferromagnetically ordered slabs ͑Landau model͒, i.e., the presence of ferromagnetic Gd-Gd interactions in the antiferromagnetic Gd 5 Ge 4 . First, the paramagnetic Curie temperature of a true AFM has to be a negative and, therefore, the observed positive p ϭ94 K indicated that the interaction between Gd ions in Gd 5 Ge 4 has, in general, a ferromagnetic nature. Second, the observed increase of both the a and b with decreasing temperature below T N is also unusual for a true AFM where typically Ќ (T)Хconstant. Third, because there are three different crystallographic sites for Gd atoms 19 in Gd 5 Ge 4 , it is difficult to explain the AFM coupling within each slab with nearly a full compensation of the magnetic moments except by doubling of the magnetic unit cell. Because each crystallographic unit cell contains two slabs along the b axis, we suggest that below 130 K each slab in zero magnetic field cooled Gd 5 Ge 4 is ordered ferromagnetically but couples antiferromagnetically with the nearest slabs, i.e., each unit cell has a low magnetization. The low critical magnetic fields ͑20-28 kOe͒ in comparison with the high T N ͑130 K͒ point to weak antiferromagnetic exchange interactions between the ferromagnetically coupled slabs. In the FM state both slabs are coupled ferromagnetically, and each unit cell has a large magnetization. The different behaviors of the magnetization during heating and cooling in magnetic fields of the same magnitude ͓Fig. 3͑a͔͒ also support the existence of two-dimensional ferromagnetic slabs. During cooling, the magnetic field induces ferromagnetic coupling of the slabs within each unit cell of Gd 5 Ge 4 , and the ratio between the antiferromagnetically and ferromagnetically coupled units depends on the magnitude of applied magnetic field. Hence, during this transformation, Gd 5 Ge 4 is in a magnetically heterogeneous state where the two magnetically ordered phases, i.e., initial antiferromagnetic and transformed ferromagnetic phases, coexist.
Our results for the single crystal sample show that the zero magnetic field cooled Gd 5 Ge 4 is an antiferromagnet below 130 K, and that the AFM coupling is parallel to the c direction. At 4.3 K, the irreversible metamagneticlike transition from the AFM to the FM state occurs between 20 and 28 kOe when magnetic field is parallel to different crystallographic directions ͑it is noted, that linear thermal expansion and magnetostriction measurements on polycrystalline Gd 5 Ge 4 -Ref. 20 -and in situ x-ray powder diffraction studies in magnetic field 19 indicate that this metamagnetic transition is accompanied by strong magnetoelastic effects and is, in fact a magnetostructural transformation͒. The reversible spin-flop transition at ϳ8.4 kOe and 4.3 K is also observed but only when the magnetic field is applied along the c direction. Furthermore, the critical magnetic fields of the irreversible metamagnetic transitions and saturated magnetic fields along the three crystallographic directions of Gd 5 Ge 4 are different. The magnetic phase diagrams of single crystalline Gd 5 Ge 4 should be, therefore, similar to that reported in Refs. 13 and 20 for a polycrystalline material except when the magnetic field is parallel to the c axis where an additional spin-flop transition is observed in low magnetic field ͓see Fig. 2͑b͔͒ . The major differences will be in the values of the critical magnetic fields along the three crystallographic axes and the widths of the regions where two different magnetically ordered phases co-exist. At the present time we do not have enough experimental data to delineate phase regions and account for the magnetocrystalline anisotropy with a better precision than have been reported for a polycrystalline Gd 5 Ge 4 . Because 4 f -orbitals of the Gd 3ϩ ions are isotropic, the observed anisotropy of the metamagnetic transitions in Gd 5 Ge 4 reflects the anisotropy of the exchange interactions. The magnetic phase transformations in Gd 5 Ge 4 are thought to be due to interplay between the elastic and magnetic energies and the forming/reforming of interslab bonds via the Ge atoms located between the slabs 19 similar to that observed in the Gd 5 Si 2 Ge 2 compound. 21 Note added in proof. After this work was completed, Tang et al. 22 confirmed the results reported in Refs. 12, 13, and 20, and refined the magnetic phase diagram for zero magnetic field cooled polycrystalline Gd 5 Ge 4 . According to Ref. 22 , the AFM Gd 5 Ge 4 phases observed below ϳ10 K and above ϳ20 K are most likely different, and the two phases coexist between 10 and 20 K in magnetic fields lower than ϳ10 kOe, thus explaining both the temperature independence of the critical magnetic field in this temperature range and the irreversibility of the metamagneticlike transition below 10 K. Tang et al. 22 also constructed a second magnetic phase diagram of this intermetallic compound when it had been magnetized by a 56 kOe magnetic field and subsequently demagnetized.
